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E-mail: thConventional simultaneous CNS stable isotope abundance measurements of solid samples
usually require high sample amounts, up to 1mg carbon, to achieve exact analytical results. This
rarely used application is often impaired by high C:S element ratios when organic samples are
analyzed and problems such as incomplete conversion into sulphur dioxide occur during analysis.
We introduce, as a technical innovation, a high sensitivity elemental analyzer coupled to a
conventional isotope ratio mass spectrometer, with which CNS-stable isotope ratios can be
determined simultaneously in samples with low carbon content (<40mg C corresponding to
100mg dry weight). The system includes downsized reactors, a temperature program-controlled
gas chromatography (GC) column and a cryogenic trap to collect small amounts of sulphur
dioxide. This modified application allows for highly sensitive measurements in a fully automated
operation with standard deviations better than W0.47% for d15N and d34S and W0.12% for
d13C (n¼ 127). Samples collected from one sampling site in a Baltic fjord within a short time
period were measured with the new system to get a first impression of triple stable isotope
signatures. The results confirm the potential of using d34S as a stable isotope tracer in combination
with d15N and d13C measurements to improve discrimination of food sources in aquatic food webs.
Copyright # 2009 John Wiley & Sons, Ltd.Natural stable isotope ratio analyses of light elements are
used as a tool in life sciences to resolve food web structures,
to control the authenticity of food products or to give
important details in forensic studies.1–5 The stable isotope
analysis of solid samples can be subdivided into pyrolysis
(determination of d2H and d18O) and high-temperature
combustion (determination of d15N, d13C and d34S). Stable
isotope ratio measurements of nitrogen and carbon in plants
and animals are commonly used to reconstruct food webs in
ecological studies, i.e. to create conceptual representations of
carbon pathways among species or groups of species. The
reconstruction of feeding relationships is based on the
assumption that the isotopic composition of an organism
reflects the isotopic composition of its diet modified by
fractionation effects at each transfer step within the food
chain.6,7 Data interpretation based on the use of stable
isotope values of nitrogen and carbon can become difficult, if
physiological conditions such as nitrogen limitation of
primary producers modify generally applicable fractionation
factors, or if the signatures of basal N and C are too similar.8ndence to: T. Hansen, Leibniz-Institute for Marine
at Kiel University, Du¨sternbrooker Weg 20, 24105 Kiel,
.
ansen@ifm-geomar.deTherefore, the additional measurement of the sulphur isotopes
can improve the food web analysis due to the low isotopic
fractionation of sulphur in trophic transfers and the absence
of sulphur limitation in marine enviroments.9–14
d34S stable isotope values of marine organisms can help to
distinguish between sulphur sources derived from sediment
pore water containing reduced sulphur, which is depleted
(e.g. sediment d34S þ1%), and those from pelagic sources
containing the fully oxidized valence state of sulphur as
sulphate (d34S þ20.99%).15,16
Elemental analyzers (EAs) for high-temperature combus-
tion have been coupled to isotope ratio mass spectrometers
since the beginning of the 1980s. The most common appli-
cations of these combined systems are for the determination
of d15N and d13C values in solid samples. In contrast the
determination of d34S is rare and it is used mainly as a single-
element application. Difficulties in carrying out d34S
measurements are primarily caused by incomplete conver-
sion of the different valence states of the element into sulphur
dioxide (SO2) and the tendency of sulphur to undergo
adsorption to surfaces.17 These problems can cause isotopic
fractionation, peak-tailing and carry-over during the analysis.
A conventional elemental analyser-isotope ratio mass
spectrometry (EA-IRMS) system requires 20–50mg of eachCopyright # 2009 John Wiley & Sons, Ltd.
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mate element ratio for C:N:S 100:10:1 in organic matter
causes major problems for carrying out the simultaneous
stable isotope ratio measurements of these three elements.18
In this case, sample gas dilution by the interface is often
insufficient before gases enter the ion source. Therefore,
simultaneous element measurements can lead to a mass
spectrometer being overloaded by too much carbon dioxide
(CO2) if, for example, the goal is to detect low amounts of
sulphur. In addition, CO2 loaded into the ion source
generates small amounts of COþ ions with the same mass
as nitrogen (N2) and this can influence d
15N measurements of
subsequent samples by a memory effect.19,20
EA-IRMS applications able to simultaneously measure
the stable isotope ratios of gases using a double column and
a switching flow system or by using reversible gas
adsorption have been developed.21,22 Both systems were
able to combust high sample amounts (up to 100 mg of
organic material). These applications gave good precision
compared with classic methods and other systems, if the
memory effects described above and the accumulation of
contaminants by trapping can be avoided. A drawback of
these methods is that they require mg amounts of sample.
Such large amounts can be difficult to obtain, especially
when small organisms (e.g. zooplankton) have to be sorted
before analysis.
Previously, a conventional elemental analyzer equipped
with different trap systems connected to a mass spectrometer
was used by Fry et al. to determine the stable isotope ratios
of N2, CO2 and SO2 from small gas samples.
23 Sample sizes in
the range of1.5–4.0mg for nitrogen and carbon and8.0mg
for sulphur were required to obtain reliable stable isotope
measurements. The method was extremely time-consuming
due to its manually operated trap systems and valve-
switching flow systems. Simultaneous CNS-stable isotope
measurements were announced but not implemented by
these authors.
Here we describe a new automated approach for the
analysis of the stable isotope abundances of carbon,
nitrogen and sulphur from small samples collected from
plankton and small benthic organisms. The new approach
can be used for the analysis of samples containing <0.5mg
sulphur for a stable isotope measurement. The technical
innovation involves coupling of a highly sensitive elemental
analyzer (HSEA) to a conventional isotope ratio mass
spectrometer.24Figure 1. Analytical assembly for high sens
measurements.
Copyright # 2009 John Wiley & Sons, Ltd.EXPERIMENTAL 1
Instrumental setup
An elemental analyzer system (NA 1110, Thermo, Milan,
Italy) was connected to a temperature-controlled gas chroma-
tography (GC) oven (SRI 9300, SRI Instruments, Torrance,
CA, USA) as described by Hansen, which contained a
column for permanent gases.24 Separated sample gases and
the reference gases N2 and CO2 were transferred via a
ConFloIIITM interface (Thermo Fisher Scientific, Bremen,
Germany) to the isotope ratio mass spectrometer (DeltaPlus
Advantage, Thermo Fisher Scientific). Only the CO2 gene-
rated from the sample was diluted additionally by helium. A
second (ConFloIIITM) interface was installed to provide
sulphur dioxide as a third reference gas to the mass spec-
trometer (Fig. 1). The EA-autosampler (AS 200, Thermo) was
continuously purged with helium in an enclosed chamber
according to the principle of a ‘Zero Blank’ autosampler.25
The cross sections of the elemental analyzer reactor tubes
were down-scaled to decrease the dead-volume and thereby
improve the analysis of small sample amounts (Fig. 2). The
combustion reactor was filled with copper oxide and copper
to support combustion and to reduce production of sulphur
trioxide and oxides of nitrogen. The reduction tube was filled
with fine copper to convert potential leftover nitric oxide and
to stabilize the isotopic composition of sulphur dioxide as
recommended by Fry.21 The elemental analyzer combustion
tube and reduction unit were maintained at 10808C and
8908C, respectively. The oxygen addition during combustion
was adjusted to ensure complete sample conversion of
100 mg carbon. The carrier flow rate was regulated to
14 mL min1 and set to a 6:1 split ratio. Except for SO2, all the
gases used had purity levels of 99.996%. The SO2 had a
purity level of 99.98%. The system connections were made
with Viton1 and Vespel1 ferrule seals (Dupont de Nemours,
Mechelen, Belgium) or ‘sulfinert’-treated accessories (Restek,
Bad Homburg, Germany). The micro-packed GC column
(ShinCarbon ST, sulfinert treatedTM, 1 mm i.d., column
length 120 cm, Restek) was protected by a small trap filled
with phosphorus pentoxide (Sicapent1, Merck, Darmstadt,
Germany) to remove water.
During a sample run the column temperature was pro-
grammed as follows: 458C (3 min); ramp to 1508C (2.5 min);
ramp to 2808C (2 min); ramp to 3008C. In all cases the tem-
perature ramp was 498C min1. The separation times between
each sample gas measurement took more than 1 min duringitivity simultaneous CNS stable isotope
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Figure 2. Elemental analyzer setup for high sensitivity sim-
ultaneous d15N, d13C and d34S stable isotope measurements.
d15N, d13C and d34S measurements of low-biomass samples 3389analysis. These separation times permitted the analysis of one
sample to be split into three separate data acquisition files, with
each data file suited to a specific gas method. The time intervals
between each acquisition were used to focus the ion beam withFigure 3. Operating sequence of a high sensitivity
one sample.
Copyright # 2009 John Wiley & Sons, Ltd.fine adjustments to gain highest intensities (peak center), and
thus improve the signal stability (Fig. 3).
A cryo-trap system (Thermo Fisher Scientific) equipped
with deactivated silica tubing (0.53 mm, length 500 mm) was
inserted between the GC column and the mass spectrometer.
The trap system was automatically started by the software
ISODATE (Thermo Fisher Scientific), when CO2 detection
from a sample was complete (275 s after the EA start signal).
The SO2 from the sample was then trapped at 1968C using
liquid nitrogen. This SO2, when subsequently released at
ambient temperature, formed a sharp peak which was
transferred into the mass spectrometer, followed by three
SO2 reference signals.RESULTS 1
Method validation
The measured isotope ratios are expressed as d values in per
mil deviation (%) from the standard reference material
Vienna PeeDee Belemnite (VPDB), atmospheric nitrogen and
Vienna Canyon Diablo Troilite (VCDT):
dX ¼ fðRsample=Rstandard  1Þg  1000
where X refers to 13C, 15N or 34S and R represents the ratio
of the heavy isotope to the light isotope.26 Laboratory gas
cylinders of CO2 and N2 were used as working standards
and calibrated against primary solid standards (IAEA-N1, -
N2, -N3, USGS24, NBS22). All d34S values were calculated,
against a three-point calibration curve using the primary
standards NBS123, NBS127 and IAEA-S1. Calculations of
the stable isotope values were performed by the ISODATTM
software. Discrete pulses of N2, CO2 and SO2 reference
gases were measured daily to check the signal stability of
the mass traces before a sample run was initiated. The
signal stability of both N2 and CO2 reference gases was
0.08%, and that for SO2 was 0.13% during test runs
with ten pulses.
The quality of our measurements was assessed according
to the international terminology of precision (ISO 3534:3.12;
AMC Technical Brief, Royal Society of Chemistry, 2003).27
The peak widths of both nitrogen and carbon dioxide were
30 s, whereas the mean peak width for SO2 was typicallyCNS stable isotope ratio measurement from
Rapid Commun. Mass Spectrom. 2009; 23: 3387–3393
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Figure 4. Chromatograms show mass traces from one sample combustion using the high sensitivity elemental
analyzer connected a conventional isotope ratio mass spectrometer.
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Figure 5. d13C, d15N and d34S values of internal standard
measurements versus sample amount. Solid line indicates the
mean; dotted line show the standard deviation (SD).
d15N, d13C and d34S measurements of low-biomass samples 33917 s using the cryo-trap procedure (Fig. 4). We used hay
powder (ISCNS) with a content of 3.72% nitrogen, 44.95%
carbon and 0.316% sulphur as an internal standard. Analyses
of the ISCNS during all measurements within the range of 2–
8.0mg nitrogen, 20–100mg carbon and 0.2–0.8mg sulphur
gave an overall precision of 3.56 0.47% (mean SD) for
d15N, 28.89 0.12% for d13C and 6.82 0.46% for
d34S; n¼ 127 (Fig. 5). The system sensitivity was improved
by from 2.5- to 200-fold, calculated by the ratio of sample
signal to background signal (noise) versus element amount
compared with a conventional EA-IRMS setup.Copyright # 2009 John Wiley & Sons, Ltd.EXPERIMENTAL 2
Sample preparation
To obtain a first overview of the potential of this method, we
analyzed samples from a local marine ecosystem. For this
purpose, zooplankton net samples (vertical net tows, 150mm
mesh size) and benthic invertebrates were collected at a near-
shore sampling site in the Kiel Fjord, Germany (108E, 548N)
from July to November. Benthic organisms were taken 1 m
below the surface from a pylon (hard substrate) and at 6 m
depth from the bottom (sediment). All individuals were
sorted alive with a binocular microscope to genus or species
level. The samples were rinsed with 1.6% sodium chloride
solution and small organisms like copepods were directly
transferred into small tin capsules (3.2 4.0 mm, Hekatech,
Wegberg, Germany). Larger organisms were dried and finely
ground before a subsample was weighed in a tin cup. Drying
was conducted at 608C for at least 24 h. Seston samples
(suspended organic matter) were collected from 1 m depth
below the surface, 64mm pre-sieved, and filtered on a 1.0mm
polycarbonate membrane (PC 1110610, diameter 25 mm;
Corning, NY, USA). The biomass was carefully scraped off
and desiccated in a small watch-glass. Sediment samples
from the same location were collected, dried and processed
as described above.
Seawater samples from the Kiel Fjord were taken from the
surface for sulphur measurements and precipitated as
barium sulphate following the instructions of Grasshoff
et al. and treated like seston samples.28
All weighing procedures were carried out using a
micro balance (SR2; Sartorius, Go¨ttingen, Germany). The
sample and standard preparation procedure always
included the addition of 0.25 mg vanadium pentoxide
(V2O5) to promote complete combustion. The internal
standard hay was placed after every sixth sample to control
the quality of data.RESULTS 2
Food web analysis
To the best of out knowledge this is the first time that
invertebrate genera or species with such low biomass have
been analyzed by EA-IRMS. We present some of the first
measurements of consumers such as copepods (zooplank-
ton) and benthic invertebrates with a sample carbon content
<80mg. We also analyzed the potential food sources,
sediment and seston (<64mm), as well as the seawater
sulphate from the same location.
The first results showed that the studied consumers can
hardly be separated by using the d13C stable isotope
signatures alone. The supplementary d34S information can
be employed to separate feeding from pelagic (seston) and
from benthic food sources (sediment), while d15N can be used
to infer their position in the food chain (trophic level) (Fig. 6).
Stable isotope analysis of invertebrates and potential food
sources using d34S values indicated clear correspondence of
copepods to seawater sulphate d34S values of 21.69 1.11%.
The similarity of the d34S signal of copepods, here
represented by Acartia sp., Centropages hamatus and Oithona
similis (mean: 21.45 1.24%), with the signal of seawater
Rapid Commun. Mass Spectrom. 2009; 23: 3387–3393
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Figure 6. Stable isotope analysis of pelagic and benthic
invertebrates and potential food sources. Closed symbols
represent samples collected from the pylon which is more
pelagic influenced. Open symbols represents samples from
the bottom which is more sediment influenced. Dotted line
indicates the measured d34S value (mean value) from sea-
water.
3392 T. Hansen, A. Burmeister and U. Sommersulphate, showed selective feeding on planktonic prey
organisms, because the total seston had a much lower
d34S value (11.77 5.18%). It was obvious that the seston
fraction, although mainly consisting of micro-algae, protozoa
and bacteria, also contained about 35% detritus particlesCopyright # 2009 John Wiley & Sons, Ltd.originating from suspended sediment. This could be due to
the influence of intense ship traffic close to the sampling
location, which facilitated the re-suspension of detritus and
sediment particles into the water column. We can calculate a
d15N value of 2.2% for the pelagic fraction of seston from
the d15N values of sediment and seston, which gives a
difference of  6.9% from the d15N value of the copepods.
This difference is equivalent to two trophic levels between
copepods and seston, if we assume a standard enrichment
factor of 3.4% per trophic level.6,7 The d13C value of
copepods, which at first sight seems to indicate mixed
feeding from benthic and pelagic sources, differs from the
widespread mean value of 1% enrichment of 13C per trophic
level, if we assume a 35% contribution of the d13C sediment
value. However, d13C trophic enrichment can be variable and
our values still lie within the range of variability reported by
Vander Zanden and Rasmussen32 (range: 2.1% to þ2.8%
with an overall mean of 0.47 1.23%) between plants and
herbivores.
Stable isotope d34S values of benthic organisms clearly
distinguished conspecific individuals more influenced by
pelagic resources (pylon) and sediment material (bottom).
These organisms were characterized by taking different
sulphur sources linked more to the pelagic zone for the
specimen of Nereis pelagica collected from the pylon
(17.45 1.24% d34S) or to sediment-influenced sources for
their conspecifics collected from the bottom (7.54 3.88%
d34S). This initial data set supports the use of d34S values
to improve food web analysis in general and demonstrates
the feasibility of using d34S even with low-biomass
samples.DISCUSSION
In general the use of sulphur dioxide (ratio of 66/64) to
calculate d34S led to inaccuracies arising from the different
oxygen isotope sources within the analytical system. Oxygen
sources during high-temperature combustion include the
organic sample itself, oxygen from the O2 gas cylinder, the
combustion promoter V2O5 and copper oxide.
The simplified d18O correction is based on the assumption
that d18O contributions from the sample and the other oxygen
sources promoting the combustion are identical. Organic
d18O sample values that are different from other d18O oxygen
supplies can cause deviations of 2.9% from the ‘true’
d34S value.29 We tried to solve this problem by the addition of
high amounts of V2O5 to all samples as the main oxygen
source and of a downstream copper filling to optimize
equilibration of the oxygen isotopes in SO2.
30,31
Further disadvantages of our method are the need to use a
highly sensitive balance for sample and standard prep-
arations and the contamination problems caused by
impurities when small sample amounts are processed. The
preparation of a representative subsample in this low
detection range always requires an appropriate sample
homogenization procedure before running the stable isotope
analysis. Users working with this method should take this
problem into account to avoid additional scatter of the stable
isotope results.Rapid Commun. Mass Spectrom. 2009; 23: 3387–3393
DOI: 10.1002/rcm
d15N, d13C and d34S measurements of low-biomass samples 3393CONCLUSIONS
This high sensitivity elemental analyzer connected to an
isotope ratio mass spectrometer overcomes several of the
difficulties in making simultaneous measurements of isotope
ratios on samples with low amounts of biomass. Moreover,
the small amounts of sample gases used reduce adverse
memory effects caused by transfer from one sample to
the next. The low costs for consumables, the automation of
the method and a less frequent source-cleaning procedure
are further advantages of this method.
Using sulphur as a natural or artificial stable isotope tracer
has great potential and, when measured simultaneously with
d15N and d13C, d34S can resolve biological processes in more
detail.
The new analytical system can also open sampling
perspectives for investigations in agriculture, food and
biogeochemistry, tracing back elemental sources and making
tracer experiments more efficient.
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